To enhance a cyclability and a rate capability in bulk-type solid-state cells using a lithium metal electrode, an indium thin layer prepared by vacuum-evaporation was inserted at the interface between a lithium electrode and an Li 2 S-P 2 S 5 solid electrolyte layer. The Li/Li 4 Ti 5 O 12 cells using indium thin film were charged and discharged for 120 cycles reversibly and worked at the high current density of 1.3 mA cm −2
Introduction
Lithium metal has an extremely high theoretical capacity (3860 mAh g
¹1
) and the lowest reaction potential among negative electrode materials. Therefore, rechargeable lithium metal battery is expected to be an ultimate energy storage system. However, lithium metal secondary batteries with a liquid electrolyte have not been put to practical use from the viewpoint of their safety and cyclability. It has been reported that dendrite morphologies of lithium formed during a repetitive lithium dissolution and deposition triggers an internal short circuit of the batteries, 1 resulting in their fire and explosion. Various strategies to inhibit lithium dendritic growth have eagerly been explored. 2, 3 The use of nonflammable inorganic solid electrolytes (SEs) instead of flammable organic liquid electrolytes is a fundamental solution for improving safety and reliability of lithium secondary batteries. Additionally, suppression of the dendritic growth is anticipated by the use of inorganic SEs as a separator in all-solid-state cells. The all-solid-state cells using inorganic SEs are divided into two types; one is thin-film battery and the other is bulk-type battery. A lithium phosphorus oxynitride (LiPON) glass electrolyte is very stable with lithium metal. Thinfilm all-solid-state batteries using LiPON achieved a repetitive lithium dissolution and deposition over 40000 times without a capacity fading. 4 Neudecker et al have reported that Li-free thin-film batteries with the cell configuration Cu/LiPON/LiCoO 2 showed large irreversible capacities during the initial cycle. 5 Okita et al. have recently proposed that lithium dissolution and deposition properties were improved by insertion of platinum layer at the Cu/ LiPON interface; lithium-platinum alloy increased reaction sites, resulting in reducing the overvoltage of the lithium dissolution and deposition reaction in thin-film batteries. 6 Bulk-type batteries also have a possibility of operating as rechargeable lithium metal batteries with high capacities. To realize the rechargeable batteries, the development of SEs with high lithium ion conductivity, the enhancement of chemical stability of SEs against lithium metal and the control of interface between SEs and lithium metal electrodes are required. We have developed the Li 2 S-P 2 S 5 SEs with lithium ion conductivity higher than 5 © 10 ¹3 S cm ¹1 at room temperature. 7 We also studied the time dependence of resistance for the symmetric cell Li/Li 2 S-P 2 S 5 SE/Li to examine the stability of the Li 2 S-P 2 S 5 SE against lithium electrodes and reported that the Li 2 S-P 2 S 5 SE was fundamentally stable in contact with lithium metal. 8 Very recently, we have reported that a lithium thinfilm prepared by vacuum-evaporation was inserted at the interface between a Li 2 S-P 2 S 5 SE and a lithium electrode, and intimate contacts between them highly contributed to a reversibility of lithium dissolution and deposition in rechargeable bulk-type solidstate cells. 9 Improvement of rate performance in bulk-type solidstate batteries with a lithium metal electrode is required and has not been studied yet.
In this study, indium metal which forms alloys with lithium was inserted to the interface between a lithium metal electrode and a Li 2 S-P 2 S 5 solid electrolyte to reduce the overvoltage for chargedischarge reaction in bulk-type lithium metal batteries. Lithiumindium alloy has a high lithium ion diffusion coefficient 10 and is known to be used as a stable electrode for charge-discharge cycles in bulk-type solid-state cells using sulfide-based solid electrolyte. 11, 12 The effects of the insertion of an indium film prepared by vacuumevaporation on the rate performance of all-solid-state lithium metal batteries were investigated.
Experimental
The 80Li 2 S·20P 2 S 5 (mol%) glass-ceramic SE was prepared using mechanical milling and subsequent heat treatment. 13 The SE layer pellet was obtained by pressing under pressure of 360 MPa. An indium thin film was formed at the surface of the SE layer by depositing indium metal using the vacuum evaporation method. A thermal evaporator (VPC-060, ULVAC, Inc.) put in an Ar-filled glove box was used for preparation of indium films. The morphologies of the surface and cross-section of the indium thin film on the SE pellet were observed by a scanning electron microscope (SEM, JSM-6610A, JEOL glass-ceramic SE and acetylene black (AB) with a weight ratio of 36:55:9 were ground using a mortar to prepare composite working electrodes. A lithium foil (thickness: 250 µm) was used as a counter electrode. A bilayer pellet consisting of the composite a working electrode (10 mg) and 80Li 2 S·20P 2 S 5 glass-ceramic SE (80 mg) was obtained by pressing under 360 MPa, and then indium was vacuumevaporated on the SE surface of the opposite side of the working electrode and then the lithium foil was attached on the indium thin film. The three-layered pellet was sandwiched with two stainlesssteel rods as current collectors. All processes were performed in a dry Ar-filled glove box. Electrochemical tests were conducted at 25°C in Ar atmosphere using charge-discharge measuring devices (BTS-2004, Nagano Co.). Finally, the morphologies of lithium electrodes were observed by SEM after the cells were charged and discharged.
Results and Discussion
Indium was evaporated on the 80Li 2 S·20P 2 S 5 SE layer, and the morphologies of the SE layer with an indium thin film were investigated. Figure 1 shows the cross-sectional SEM image of the SE layer with the indium metal evaporated. The thickness of the indium thin film is about 500 nm and intimate contacts between the indium thin film and the SE layer are formed.
An indium thin film was formed on the surface of lithium metal foil as well as the SE layer. The effects of the position of the indium film on the cell performance were examined. The bulk-type Li/ Li 4 Ti 5 O 12 cells were fabricated by evaporating indium on the surface of the 80Li 2 S·20P 2 S 5 SE layer [ Fig. 2(B) ] and on the surface of lithium foil [ Fig. 2(C) ]; electrochemical properties of these cells were compared. Figure 2(A) shows the charge-discharge curves of the Li/Li 4 Ti 5 O 12 cells using indium thin films at the 10th cycle. The capacity based on the weight of Li 4 Ti 5 O 12 is shown on the lower horizontal-axis and that based on lithium is shown on the upper horizontal-axis in the figure. These cells operated at the current density of 0.13 mA cm ¹2 at 25°C. Both the cells using lithium electrode exhibit an average discharge potential of about 1.55 V, which coincides with the theoretical operating potential of Li 4 Ti 5 O 12 versus lithium metal. 15 It is confirmed that the insertion of the indium thin film at the interface between the lithium electrode and the SE layer does not change the operating potential of lithium metal cells. Figure 3 shows the XRD pattern of the lithium electrode after charge-discharge tests. The peaks attributable to Li 13 In 3 alloy and lithium are observed. Li 13 In 3 alloy would have almost the same potential as lithium, 16 and thus the cells shown in Fig. 2(A) exhibit the operating potential of about 1.55 V. The cells prepared by evaporating indium on the SE layer [ Fig. 2(A-a) ] exhibit a higher capacity and a lower overpotential than those of the cells using indium evaporated on the lithium foil [ Fig. 2(A-b) ]. This result suggests that the construction of a favorable interface between the indium thin film and the SE layer contributes to the enhancement of reversible capacity.
To study rate performance of the cells prepared by evaporating indium on the SE layer, the charge-discharge measurements were conducted at current densities from 0.13 to 1.3 mA cm ¹2 at 25°C. .0 V appears in the first discharge curve and the irreversible capacity in the first cycle is observed; the electrochemical reaction mechanism at the slope has not been understood. In the subsequent cycles, the bulk-type lithium metal cells show a flat discharge plateau without the slope. The cells maintain the reversible capacity of 105 mAh g ¹1 based on the weight of Li 4 Ti 5 O 12 , which corresponds to 27 mAh g ¹1 of lithium metal, at 0.13 mA cm ¹2 for 20 cycles and exhibit an excellent cycle performance at every current density. The all-solid-state cell, in which indium was evaporated on the lithium electrode, also showed a good cycling performance at 0.13 mA cm ¹2 for 10 cycles. On the other hand, bulk-type solid-state cells using lithium foil without the indium thin film were not charged and discharged at a low current density of 0.13 mA cm ¹2 (the data are not shown here). The bulktype lithium metal cells with the indium thin film work successfully at 1.3 mA cm
¹2
, which is a high current density for all-solid-state system, indicating that insertion of indium thin film at the interface between the lithium electrode and the SE layer is effective in improving the rate performance of the cells. However, the reversible capacities decrease and the larger overpotential is observed at higher current densities. A low lithium diffusion coefficient of Li 4 Ti 5 O 12 would be responsible for the lower capacity at a high current density. It is expected that the use of the positive electrode materials achieving high rate performance in all-solid-state cells 1719 leads to further improvement of rate performance of the lithium metal cells. Figure 5 shows the SEM images of the surface of the SE layer with the indium thin-film (a) before and (b) after the cells were charged and discharged for 120 cycles as shown in Fig. 4 . After the cycle tests, the cells were disassembled and lithium foil was removed from the SE layer, and the morphology of the SE surface was observed by SEM. The surface morphology shows little change before and after cycles, and perceptible cracks and dendritic areas are not observed. Retaining morphology with a smooth surface during cycles results in a good cyclability and a high rate capability for the all-solid-state lithium metal cells, as shown in Fig. 4 .
Conclusion
The effects of inserting indium thin film prepared by vacuumevaporation at the interface between a lithium electrode and a Li 2 S-P 2 S 5 solid electrolyte layer on a cyclability and a rate capability were investigated in bulk-type solid-state lithium metal cells. The Li/ Li 4 Ti 5 O 12 cells using the indium thin film were charged and discharged for 120 cycles and worked at the high current density of 1.3 mA cm
¹2
. Inserting a lithium-alloy thin layer at the interface between the lithium electrode and the sulfide electrolyte layer brought about a good cyclability and a high rate capability in the allsolid-state lithium metal cells because of the formation and retention of intimate contacts at the interface. These results are useful for achieving bulk-type solid-state lithium batteries with high power densities and large capacities. 10 μm 10 μm Figure 5 . SEM images of the surface of the SE layer with indium thin films (a) before and (b) after the cells were charged and discharged for 120 cycles as shown in Fig. 3 .
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